For highly productive regions such as Germany, the increase of wheat grain yields observed 17 throughout the 20th century is largely attributed to the progress in crop breeding and agronomic 18 management. However, several studies indicate a strong variability of the genetic contribution 19 across locations that further varies with experimental design and variety selection. It is therefore 20 still unclear to which extent management conditions have promoted the realization of the breeding 21 progress in Germany over the last 100+ years. We established a side-by-side cultivation 22 experiment over two seasons (2014/2015 and 2015/2016) 
For highly productive regions such as Germany, the increase of wheat grain yields observed 17 throughout the 20th century is largely attributed to the progress in crop breeding and agronomic 18 management. However, several studies indicate a strong variability of the genetic contribution 19 across locations that further varies with experimental design and variety selection. It is therefore 20 still unclear to which extent management conditions have promoted the realization of the breeding 21 progress in Germany over the last 100+ years. We established a side-by-side cultivation 22 experiment over two seasons (2014/2015 and 2015/2016 ) including 16 winter wheat varieties 23 released in Germany between 1895 and 2007. The varieties were grown using 24 different long-24 term fertilization treatments established in 1904 (Dikopshof, Germany). Averaged over all 25 cultivars and treatments mean yields of 6.88 t ha -1 and 5.15 t ha -1 were estimated in 2015 and 2016, 26 respectively. A linear mixed effects analysis was performed to study the treatment-specific relation 27 between grain yields and year of variety release. Results indicate a linear increase in grain yields 28 ranging from 0.025 to 0.032 t ha -1 year -1 (0.304 to 0.387 % year -1 ) in plots that were treated with 29 combined synthetic-organic fertilizers without signs of a leveling-off. Yields from low or 30 unfertilized plots do not show a significant progress in yield. Responsiveness of mean yields to 31 fertilizer management increases with year of release and indicates small yield penalties under very 32 low nutrient supply. Results highlight the need to consider the importance of long-term soil 33 fertilization management for the realization of genetic gains and the value of long-term fertilization 34 experiments to study interactions between genetic potential and management. 35 36
Introduction 37
Grain yields of wheat considerably increased during the 20th century and more than half of the 38 global wheat production areas still witness yield increases (Ray et al the superiority of modern wheat varieties was attributed to changes in plant physiological traits 51
and processes, such as plant height, harvest index, biomass, 1000-kernels weight, root growth, 52
water soluble carbohydrate content of stems and leaf sheaths, stomatal conductance, growth rate, 53 photosynthesis rate, modified source-sink-relations, water and nutrient use efficiency, and disease 54
and stress resistance at the plant and/or at the canopy scale (reviewed in, e.g., Austin et al 1980, 55
Calderini et al 1995, Reynolds et al 2009). 56
Most studies assessing the contribution of variety selection and breeding to changes in wheat grain 57 yields are either based on unbalanced yield data obtained by testing varieties sequentially or on 58 data originating from field trials with side-by-side cultivation of varieties released in different 59 periods. Data derived from a side-by-side cultivation of different varieties under pest-and disease-60 controlled conditions are less affected by changes in other factors, such as climate or agronomic 61 management, and therefore assumed to be well suited for a realistic estimation of the genetic trend 62 component. However, analyzing unbalanced yield data obtained at variety trials or using national 63 yield statistics allows for considering a higher number of data sets and, thus, might be more 64 representative for regional and national yield progress rates. Recent statistical methods, such as 65 mixed effects models, allow for deriving the genetic gain even from unbalanced data sets with 66 cultivation conditions strongly changing over time (Smith et al 2005) . Reported estimates of the 67 relative genetic gain range from <0.2 % to >1.5 % year -1 (Table S1, conditions, the year 2015 was slightly above average whereas 2016 was below average (cf. yield 140 levels in Table 2 ). The 24 fertilization treatments within this block were subdivided into 1.5 x 2 m 141 (11 rows with half the row separation on both margins to account for edge effects) variety plots 142 without replication. Distance between adjacent plots measured ~50 cm (natural footpaths The non-parametric Mann-Kendall test was applied to test for the presence of a monotonic trend 167 in grain yield over time. To quantify these trends, we performed a linear mixed effects analysis of 168 the relation between grain yields and the year of variety release using the REstricted Maximum 169
Likelihood (REML) method: 170 variety with respect to fertilization intensity and the corresponding soil environmental conditions. 188 189
Results 190

Grain yields 191
Grain yields across all plots ranged from 0.05 t ha -1 to 12.67 t ha -1 in 2015 and from 1.59 to 9.32 192 t ha -1 in 2016 ( Figure 1 , Table 2 ) with mean yields over all fertilizer treatments and varieties of 193 6.88 and 5.15 t ha -1 in 2015 and 2016, respectively. Notably the minimum yields in 2015 were 194 lower (< 2 t ha -1 ) and varied more strongly compared to 2016 yields (around 2 t ha -1 ). In 2015 195 maximum yields were achieved under maximum nutrient supply (TIDs 13,16 and 17, cf. Table 1  196 for TIDs) while in 2016 six varieties showed maximum yields under slightly reduced fertilization 197 but additional manure supply (TIDs 1,4 and 5) ( Table 2) 
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For maximum values the corresponding fertilization treatment is given (cf. 
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Relation between grain yields and YoR 215
A statistically significant yield progress ranged from 0.025 to 0.032 t ha -1 year -1 (Table 3) . Using 216 the treatment-means averaged over all varieties as reference values (100 %) this change can be 217 translated to an increase of 0.304 to 0.387 % year -1 (Table 3) . 218 219 19-24 and TIDs 7-11) significance of the progress was dependent on the observation year ( Figure  232 2, Table 3 ). Despite being treated with the same amount of N, P and K (cf. 
Responsiveness to fertilization managament 249
Newer varieties are characterized by a higher responsiveness to soil fertility levels resulting from 250 long-term fertilization management than older varieties, as indicated by the steeper slope of the 251 regression line of variety-specific yields over treatment-specific mean yields (Figure 3) . The higher 252 responsiveness is associated with yield penalties below a mean yield of ~3 t ha -1 (Figure 3 in the rates of realization of the genetic progress of 0.025 and 0.032 t ha -1 year -1 estimated in this 296 study (Table 3) indicate that breeding for yield potential only contributed about one third to the 297 realized yield progress in the highly fertilized treatments at our site. The agronomic (non-genetic) 298 progress, including the control of lodging effects, the improved weed, disease and fertilizer 299 management and the optimized timing of management applications might have been more relevant 300 for increased yields at our site compared with the breeding progress. Despite randomizing variety-301 plots in each year, the small plot size (see section 2), causing potential competition between species 302 of different heights, adds uncertainty to yield levels. A relative increase in yields of tall varieties 303 and a relative decrease of yields of adjacently growing small varieties would indicate that tall 304 varieties have benefitted more strongly from competition (Austin & Blackwell 1980). Relating the 305 spatial distribution of varieties (data not shown) to yield levels in 2015 and 2016 did not reveal a 306 consistent pattern. This suggests a minor upward bias for yields from older (taller) cultivars. 307
Providing an explanation for the large discrepancy between historic and current variety-yields was, 308 however, beyond the aim of this study and would require further experiments. 309
Yield trends were significant and robust for plants grown on soils that have received N at a rate of 310 at least 380 kg N ha -1 year -1 and that were regularly supplied with manure within a 5-year crop 311 rotation (TIDs 13,15,16,17,1 and 5). Thus, up to a certain threshold, the lack of macro nutrients, 312 and in particular nitrogen, was reducing the expression of the genetic yield potential (Table 3) . 313
Notably, maximum yields were not always observed at maximum fertilizer supply (Table 2).  314 Results indicate annual and variety-specific differences in the long-term fertilization treatment for 315 maximizing yields. However, despite the use of growth regulators a minor degree of lodging of 316 older (taller) cultivars was observed in 2016, and a contribution of lodging effects to lower yields 317 despite higher nutrient supply cannot be ruled out. Since not the variety-specific maximum yield 318 but their treatment-specific yields were used to study the genetic progress, this might have caused 319 an upward bias in the genetic progress rates. Under long-term purely synthetic fertilizer supply or 320 absolute omission of single macro-nutrients, the realization of the genetic gain was not significant 321 and highly dependent on the annual conditions (Table 3) . Further, in both observation years, yield 322 levels of most treatments receiving manure (TIDs 1-5, "m") were consistently exceeding those of 323 receiving purely synthetic fertilizer (TIDs 19-23, "s") despite similar contents of macronutrients 324 (N,P,K,Ca). Notably, in 2015 the mean yield advantage of "m"-treatments averages 1.6 t ha -1 and 325 in 2016 0.5 t ha -1 (Table 1) While observing only one third of the rate of the historic yield increase in wheat grain yields at our 339 side-by-side cultivation experiment, the rates of realized genetic progress in the treatments with 340 high long-term nutrient supply are in line with those reported from other side-by-side cultivation 341 experiments located in Western Europe (Table S1) application quantity and quality of fungicides and pesticides or stem shorteners which are crucial 384 for the realization of the genetic gain as shown in this study. Contrastingly, side-by-side cultivation 385 experiments allow for a direct control of these factors (e.g., fertilization) and, thus, for assessing 386 the contribution of specific management practices to the realization of the breeding progress. 387
Responsiveness to long-term fertilization management and corresponding nutrient availability was 388 much stronger for newer varieties compared to those registered prior to the 1970s (Figure 3 responsiveness is associated with yield penalties under low nutrient supply (Figure 3) . In other 393 words, older varieties appear to more tolerant to soil characteristics and nutrient deficiencies 394 resulting from 100+ years of low fertilizer supply. Note that these results might not be generalized 395
given the high uncertainty at low fertilization levels and the small experimental plot size. While 396 studies agree on the higher responsiveness or "phenotypic plasticity" of modern wheat varieties, 397 yield penalties under sub-optimal conditions are debated. Differences between studies are likely a 398 consequence of the selected combination of "environments" and varieties (Sadras et al 2009) . 399
Considering the small size of the variety plots, the lack of replicates and the limited number of 400 observation years, further studies are required to confirm our results. In general, at the Dikopshof 401 site, a higher susceptibility of treatments with long-term low fertilizer input to the weed field 402 horsetail (Equisetum arvense L.) has to be considered. Despite regular pesticide application 403 horsetail growth is difficult to control since it multiplies through spores and a perennial 404 underground rhizomatous stem system. Horsetail manifestation has also been reported from other 405 long-term fertilization experiments (Gendining et al 1996). Because modern varieties have shorter 406 stems and more erect leaves they are more strongly affected by weeds whereas tall, old varieties 407 have a higher ability to suppress weed growth. This introduces an upward bias for the yield levels 408 of old varieties on plots with horsetail manifestation and yield penalties for newer varieties. 409
Estimated yield penalties at average grain yields below 3 t ha -1 , as estimated in our study ( Figure  410 3), are of no practical relevance to most cropping systems in Germany. Results from this study illustrate the interacting impact of environmental and management 418 conditions on genetic gain estimates. The definition of optimum or most favorable management 419 conditions, in this study represented by different fertilization treatments, varies with year (e.g., this 420 study) and with variety (Oury et al 2012). This is of high importance, since, in consequence, a 421 reference management for quantifying the breeding progress is generally lacking and varies with 422 trial year, location and corresponding assumptions on best management practices. In consequence, 423 differences in nutrient availability and management factors question the direct comparison of 424 genetic gain estimates from different sites and, thus, require a more explicit consideration. 425
Commonly, effects of nutrient supply on genetic gains are studied by a short-term addition or 426 reduction of nutrients. Different from such studies, the background of our experiment, a 427 fertilization experiment established 100+ years ago, allows for studying the breeding progress on 428 plots with strongly differentiated soil chemical, physical and biological properties that result from 429 different long-term fertilizer application rates. We suggest that such experimental sites are highly 430 useful for studying the genetic gain of crop varieties under consideration of different fertilization 431 environments (but consistent weather conditions and management practices) and thus should be 432 continued. 433 Rueda-Ayala V, Ahrends H E, Siebert S, Gaiser T, Hüging H and Ewert F 2018 Impact of 591 nutrient supply on the expression of genetic improvements of cereals and row crops -A 592 case study using data from a long-term fertilization experiment in Germany European 593
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